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ABSTRACT 


This  investigation  is  concerned  with  the  development  of 
a  low  inductance,  low  jitter,  electrically  triggered,  high 
voltage  spark  gap.  The  inductance  and  jitter  characteristics 
of  an  annular  rail  spark  gap  switch  are  investigated  and  the 
results  compared  with  a  standard  3-electrode  spark  gap. 
Three  trigger  electrode  geometries  -  blade,  dull  and 
sawtooth  edge  -  are  tested  for  the  effects  of  different 
field  stresses  on  the  spark  gap  switching  performance.  All 
possible  polarity  combinations  are  applied  to  the  high 
voltage  and  trigger  electrodes  of  the  rail  gap,  and  the 
switching  behavior  is  evaluated  for  each  case.  Finally,  the 
effect  of  photo-preionization  from  bare  sparks  on  the  spark 
gap  switching  performance  is  explored. 
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1.  INTRODUCTION 


The  study  of  gaseous  conduction  and  its  effect  on  spark 
gap  switch  behavior  has  received  a  lot  of  attention  from 
scientists  and  engineers  who  work  in  the  area  of  pulsed 
power  technology.  High  voltage  spark  gap  switches  are 
employed  in  partic-le  accelerators,  weapons  effect 
simulators,  fusion  research,  and  lasers[1].  Recent 
developments  in  these  areas  call  for  improved  spark  gap 
reliability,  longer  lifetimes,  faster  energy  transfer  rates, 
and  lower  jitter.  The  purpose  of  this  thesis  is  to  design 
and  test  an  electrically  triggered  spark  gap  switch  that 
features  low  inductance  and  low  jitter. 

1.1  MOTIVATION  FOR  THESIS 

The  following  discussion  will  serve  to  illustrate  by 
way  of  practical  example  some  of  the  demanding  requirements 
on  spark  gap  performance.  In  this  case  utilization  of  spark 
gaps  represent  the  only  practical  means  of  switching  the 
pulsed  high  voltage  and  current.  Figure  1-1  shows  a  basic 
schematic  of  the  KrF  laser  that  is  currently  under 
development  at  the  University  of  Alberta  for  fusion  related 
research[2],  A  nominally  IOOuJ,  20ns,  spectrally  narrow 
pulse  is  generated  in  the  master  oscillator.  The  first 
amplifier,  A1 ,  serves  as  an  injection  locked  slave 
oscillator  while  the  remaining  and  otherwise  identical 
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amplifiers  are  single  pass  extracted. 
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The  utility  of  the  resulting  1 . 6 J  of  optical  energy  is 
three-fold.  A  portion  is  used  for  laser  triggering  of  spark 
gap  switches  on  an  electron-beam  pumped  KrF  power  amplifier. 
Another  portion  is  used  to  provide  a  composite  60ns  pulse 
for  extraction  of  the  power  amplifier  and  eventual  optical 
compression  by  beam  stacking.  The  remaining  portion  is  used 
to  generate  and  tailor  a  Stokes  shifted  optical  pulse  by 
Raman  scattering  in  methane.  The  Stokes  shifted  pulse  will 
be  used  as  a  seed  for  final  optical  compression  by  backward 
Raman  ampl i f icat ion [ 3 ] . 

The  need  for  optical  compression  arises  because  the 
lifetime  of  KrF*  is  only  a  few  nanoseconds.  The  laser  cannot 
be  operated  in  the  conventional  storage  mode  since  the 
optical  energy  must  be  extracted  as  the  electrical  energy  is 
deposited.  The  resulting  "uncompressed"  optical  pulses  are 
too  long  for  application  to  laser  inertial  confinement 
fusion  studies  where  pulse  lengths  of  nominally  a  few 
nanoseconds  are  required. 

For  efficient  and  high  quality  laser  performance, 
switching  of  the  excitation  circuits  on  the  various  laser 
modules  (involving  a  total  of  13  spark  gaps)  must  be 
synchronized  with  a  relative  jitter  of  <1ns  standard  mean 
deviation  (smd).  Furthermore,  a  test  was  performed  on  A3 
where  part  of  the  excitation  circuitry  was  switched  with 
three  parallel  spark  gaps  instead  of  one.  This  resulted  in  a 
33%  improvement  in  output  energy,  dramatically  illustrating 
the  importance  of  low  inductance  in  such  an  application. 
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1.2  GENERAL  FEATURES  OF  SPARK  GAP  DESIGN 

Spark  gaps  are  employed  in  circuits  requiring  pulsed 
high  voltage  and  current  switching.  The  basic  spark  gap 
switch  consists  of  two  electrodes  separated  by  a  dielectric 
that  is  capable  of  holding  off  the  applied  d.c.  electric 
field,  together  with  some  method  of  triggering  the  electric 
breakdown  of  the  dielectric  and  closure  of  the  spark  gap 
switch.  Spark  gaps  of  interest  here  employ  a  gaseous 
dielectric  and  electrical  triggering.  There  are  three  common 
electrode  types.  These  are  the  trigatron  spark  gap,  the 
3-electrode  spark  gap,  and  the  rail  gap.  Cross  sections 
showing  the  electrode  configurations  of  each  of  these  spark 
gaps  are  illustrated  in  figure  1-2.  Electrode  contours  are 
designed  to  avoid  stress  concentration  in  the  dielectric 
during  hold-off  and  to  provide  high  local  stress  during 
triggering.  Unfortunately,  electrode  reshaping  by  erosion 
with  use  degrades  the  utility  of  this  design  parameter.  At 
any  rate,  application  of  a  high  voltage  trigger  pulse  to  the 
trigger  electrode  produces  field  distortion  and  electric 
stress  of  sufficient  strength  to  cause  dielectric  breakdown. 

Due  to  the  asymmetry  of  the  distorted  electric  field, 
breakdown  of  the  dielectric  in  one  portion  of  the  gap 
(between  the  trigger  electrode  and  one  of  the  main  spark  gap 
electrodes)  will  usually  occur  first.  This  will  be  referred 
to  as  the  first  breakdown  stage.  Closure  of  this  portion  of 
the  gap  will  cause  the  voltage  at  the  trigger  electrode  to 
approach  that  of  the  main  electrode  on  the  side  in  which  the 


trigger 

electrode 


a.  The  Trigatron  Spark  Gap 


trigger 

electrode 


b.  The  3-electrode  Spark  Gap 


trigger 

electrode 


c.  The  Rail  Gap 


Figure  1-2. Basic  Electrode  Configurations  of  Three  Common 

Spark  Gaps. 
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initial  discharge  occurred.  The  intense  transient  field 
stress  and  ionization  created  by  this  initial  discharge 
cause  sudden  closure  of  the  remaining  part  of  the  gap. 

The  simple  trigatron  •  spark  gap,  a  single  channel 
closure  device,  exibits  relatively  high  jitter  and 
inductance.  The  3-electrode  -  spark  gap  is  also  a  single 
channel  closure  device,  but  it  has  improved  jitter 
characteristics  provided  the  trigger  pulse  rate-of-rise 
exceeds  2kV/ns.  On  the  other  hand,  the  rail  gap,  a 
multi-channel  closure  device,  has  low  inductance  but 
relatively  high  jitter.  An  additional  benefit  associated 
with  the  multi-channel  closure  device  is  reduced  electrode 
erosion  due  to  decreased  current  density  and  shot-to-shot 
random  distribution.  This  not  only  increases  spark  gap 
lifetime  but  could  make  electrode  contouring  a  more  useful 
design  parameter. 

The  three  basic  configurations  can  be  modified  to  suit 
certain  hold-off  voltage  and  lifetime  requirements  by 
changing  the  gas  pressure  or  type,  the  electrode  material, 
geometry,  and  separation.  There  are  many  manufactured  spark 
gaps  that  are  available,  off  the  shelf,  to  the  pulsed  power 
engineer.  These  spark  gaps  work  well  if  the  specifications 
are  not  too  demanding  and  if  the  geometry  of  the  switch  is 
compatible  with  the  designed  circuit  architecture. 
Otherwise,  custom  made  designs  can  be  very  expensive.  This 
is  chiefly  due  to  incomplete  understanding  of  the 
fundamental  mechanisms  involved  in  spark  gap  closure; 
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consequently,  spark  gap  design  remains  an  empirical  art. 

Spark  gap  jitter  is  a  consequence  of  two  types  of  delay 
mechanisms  that  are  associated  with  breakdown  of  the 
dielect r ic [ 4 ] .  The  first,  called  the  initiatory,  or 
statistical  time  lag,  is  the  time  between  the  application  of 
the  applied  breakdown  voltage  and  the  arrival'  of  a  suitably 
placed  electron  that  will  initiate  an  avalanche.  The  second 
type  of  delay  is  the  formative  time  lag  which  is  the  period 
in  which  the  initial  avalanche  develops  into  a  full, 
self-sustained  discharge.  If  no  method  of  preionization  is 
applied  to  the  gas,  the  statistical  time  lag  can  be  quite 
large  (often  by  orders  of  magnitude)  and  irregular,  compared 
with  the  formative  time  lag  of  the  gap. 

Under  normal  conditions  the  concentration  of  free 
electrons  in  air  is  100  to  500  per  cubic  cent imeter [ 4 ] .  When 
an  overvoltage  is  first  applied  to  a  gap  with  air  as  a 
dielectric,  the  chance  of  there  being  a  favourably  placed 
electron  is  small,  so  that  a  waiting  period  occurs  until 
such  an  electron  appears. 

Spark  gap  jitter  is  mostly  affected  by  the  randomness 
in  the  appearance  of  this  free  electron,  particularly  prior 
to  the  first  breakdown  stage.  The  statistical  delay  time  and 
jitter  can  be  greatly  reduced  through  some  method  of 
preionization  which  may  include  doping  of  the  gas[5].  This 
procedure  increases  the  density  of  the  free  electrons  in  the 
gap,  thereby  increasing  the  probability  of  occurrence  of  the 
electrons  that  are  necessary  to  initiate  breakdown.  Laser 
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and  electron-beam  preionization  techniques  have  been  tested 
in  many  configurations  with  favourable  results [ 6 , 7 ] . 
Furthermore,  optical  breakdown  of  the  dielectric  by  focused 
laser  beams  provides  a  low  jitter  means  of  triggering.  Such 
techniques  are  complex  and  expensive,  however,  and 
alternative  methods  of  spark  gap  triggering  must  be 
developed  or  the  existing  ones  improved  for  simpler 
applications.  This  thesis  is  concerned  with  the  development 
and  testing  of  an  electrically  triggered  spark  gap  which  can 
simultaneously  yield  low  inductance  (hence  fast  voltage  and 
current  risetime)  and  low  jitter. 


2.  REVIEW  OF  THE  THEORY  OF  SPARK  GAP  BREAKDOWN 

The  basic  spark  gap  consists  of  two  electrodes 
separated  by  a  gaseous  dielectric.  When  a  high  overvoltage 
is  applied  across  the  electrodes,  the  dielectric  breaks  down 
and  delivers  a  large  current  -to  a  load.  Although  this 
procedure  appears  to  be  quite  straight  forward,  the  actual 
mechanisms  that  lead  to  dielectric  breakdown  of  a  gas  are 
still  not  well  understood.  The  astronomical  range  of 
parameters  which  describe  the  particle  interactions  that 
occur  under  transient  conditions  (typically  nanosecond  time 
scales)  and  inhomogeneous  fields  are  what  make  this  process 
so  difficult  to  investigate. 

Computer  simulations  are  beginning  to  be  of  some  aid, 
but  the  models  are  either  too  complicated  (or  simplified)  to 
provide  the  user  with  sufficient  accuracy  and  at  the  same 
time  reasonable  flexibility.  E.  E.  Kunhardt[1]  describes  the 


course  of  breakdown  to  evolve  through 

three 

stages . 

1 .  The  ionized 

components  of  the 

gas 

start  off  as 

individually 

charged  particles 

that 

interact  with  a 

background  of 

neutrals . 

2.  The  gas  then 

transforms  into  a  non 

-ideal 

plasma  (where 

the  Debye  length  is  greater  than  the  plasma  dimensions). 
3.  In  the  final  stage  the  gas  becomes  an  ideal  plasma  (that 
is,  the  Debye  length  is  less  than  the  plasma  dimension). 
To  this,  Kunhardt  argues  that  "No  single  analytical 
framework  can  be  used  to  model  this  transition." 
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Further  difficulties  arise  when  experimental 
verification  of  a  particular  model  is  attempted.  Diagnostics 
with  subnanosecond  resolution  have  only  recently  become 
available.  The  effect  that  the  external  circuit  has  on  the 
breakdown  characteristics  can  be  difficult  to  decouple  from 
voltage  and  current  measurements.  Insufficient  light 
emission  during  the  prebreakdown  stage  makes  the  transition 
very  difficult  to  follow  optically.'  Finally,  whatever 
diagnostic  techniques  are  found  to  be  suitable,  unbiased  and 
correct  interpretations  of  the  observations  are  difficult  to 
obtain . 

In  spite  of  these  difficulties,  progress  in 
understanding  the  mechanisms  that  lead  to  gaseous  breakdown 
has  been  made.  A  few  of  the  basic  phenomena  will  be 
described  in  the  following  sections.  The  reader  is  referred 
to  the  bibliography  provided  at  the  end  of  this  thesis  for  a 
more  in-depth  study. 

2 . 1  THE  ELECTRON  AVALANCHE 

When  an  electron  moves  freely  against  the  direction  of 

an  applied  field,  it  will  gain  energy  that  is  equal  to  the 

product  of  its  charge,  the  magnitude  of  the  field  and  the 

distance  that  it  travels.  If  the  field  is  strong  enough  that 

the  electron  gains  sufficient  energy  to  ionize  an  atom  upon 

collision,  the  collision  will  produce  a  positive'  ion  and 

another  free  electron.  The  two  free  electrons  will  gain 

1  In  intense  fields,  electrons  do  not  attatch  themselves  to 
neutral  particles  to  create  negative  ions[8]. 


1 1 

energy  from  the  electric  field  and  then  collide  with  two 
more  atoms.  Once  again,  if  the  energy  of  the  collisions  is 
great  enough  to  produce  ionization,  two  more  pairs  of  free 
electrons  and  positive  ions  will  be  formed.  This  process, 
called  field  intensif ied  ion izat ion[ 8],  will  continue  as 
long  as  the  external  field  is  applied.  Thus,  the  original 
current  from  the  free  electrons  is  increased  by  the 
additional  ionizing  collisions  that  arise  from  the  effect  of 
the  applied  electric  field. 

All  theories  of  gaseous  conduction  are  based  on  this 
process,  which  was  recognized  through  experiments  conducted 
by  J.S.  Townsend [ 8 , 9 ] .  Starting  with  the  avalanche  model, 
Townsend  developed  a  theory  that  could  describe  the 
conditions  for  gaseous  breakdown  in  an  electric  field. 

Townsend  found  that  the  current  between  two  electrodes 
increases  exponentially  with  applied  voltage  until  it 
reaches  a  point  where  it  continues  to  rise,  even  after  the 
external  electric  field  is  removed.  The  current  would 
continue  to  rise  indefinitely,  but  it  is  limited  by  the 
constraints  of  the  external  circuit.  This  transition  is 
called  a  glow-to-arc  transit  ion ,  or  a  non-self -sustaining  to 
self-sustaining  discharge,  and  usually  occurs  with  explosive 
suddenness.  The  sel f -breakdown  voltage  Vs  (also  called  the 
sparking  potential),  is  defined  to  be  the  voltage  at  which 
this  transition  occurs. 
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Before  breakdown,  the  current  from  the  electron 
avalanche  can  be  described  by  the  steady-state  equation: 

1=1 „exp(ax)  (2.1) 

where  I0  is  the  current  from  the  initial  free  electrons  and 
x  is  the  distance  travelled  by  the  avalanche.  The  first 
Townsend  coefficient,  a,  is  the  number  of  ionizing 
collisions  per  centimeter  of  path  in  the  direction  of  the 
applied  electric  field. 

The  probability  of  an  electron  ionizing  an  atom  upon 
collision  depends  on  its  mean  free  path  and  the  strength  of 
the  electric  field.  The  mean  free  path  of  an  electron  varies 
inversely  with  the  gas  pressure.  This  reasoning  and 
experimental  verification  has  led  to  the  relation2 

a/P=  f ( E/P )  (2.2) 

where  P  is  the  absolute  pressure  in  Torr  and  E  is  the 
strength  of  the  applied  field  in  volts/cm.  The  conclusion 
that  a/P  is  a  function  of  E/P  makes  the  quotient  E/P,  a 
measure  of  the  energy  gain  per  mean  free  path,  a  very 
fundamental  parameter  in  the  study  of  gaseous  conduction. 


2:  Under  certain  conditions  it  has  been  found  experimentally 
that  a/P=Aexp[ -B/(E/P) ] ,  where  A  and  B  are  constants  for  a 
given  gas  and  range  of  E/P [1,8]. 
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2.2  THE  SPARKING  MECHANISM 

Equation  2.1  describes  the  process  of  an  electron 
avalanche,  but  it  does  not  give  any  information  pertaining 
to  the  mechanism  of  breakdown.  It  does,  however,  indicate 
that  other  (secondary)  processes  of  ionization  must  be 
involved.  In  order  to  generate  a  self-sustained  discharge, 
the  initial  supply  of  primary  electrons  must  be  replenished, 
as  they  move  away  from  the  cathode.  Two  important  secondary 
processes  are [  1  ] : 

1.  positive  ion  bombardment  of  the  cathode,  causing 
cathode  emission  of  electrons 

2.  photoionization  or  photoemission  at  the  cathode 
from  photons  that  are  emitted  by  coll i s ionally 
excited  atoms. 

The  effect  of  these  processes  and  others,  can  be 
incorporated  into  a  generalized  Townsend  coefficient  u, 
defined  to  be  the  number  of  ions  produced  per  centimeter 
from  general  secondary  processes.  When  secondary  processes 
are  considered,  the  current  that  is  produced  in  an  avalanche 
can  be  described  by  the  steady  state  relation[1]; 

1= _ I  o exp( ad )  _  (2.3) 

1 ~d/ a [ exp ( ad ) -  1 ] 

If  the  distance  across  the  gap  d  is  such  that; 

(j/a  [  exp(  ad)  -  1  ]  =  1  (2.4) 

the  denominator  vanishes,  marking  the  transition  to  a 
self-sustained  discharge. 
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Equation  2.4  is  called  Townsend's  breakdown  criterion. 
The  criterion  implies  that  a  self-sustained  discharge  is 
established  only  if  the  conditions  of  the  field,  pressure 
and  length  of  the  gap  are  such  that  the  primary  electrons 
created  in  the  avalanche  produce  secondary  effects 
sufficient  to  create  new  electrons  which  will  sustain  the 
fully  developed  avalanche [ 8 ] . 

Under  transient  conditions,  the  time  for  a 
self-sustained  avalanche  to  develop  depends  on  the  nature  of 
the  secondary  processes  involvedt 1 ] .  If  ion  bombardment  of 
the  cathode  is  the  most  likely  candidate  for  the  secondary 
process,  the  formative  time  of  the  gap  would  be  limited  by 
the  positive  ion  drift  velocity  to  times  of  the  order  of 
microseconds [ 1 ] .  Experimental  results  agree  with  this  limit 
(and  with  the  Townsend  model)  for  voltages  near,  or  slightly 
greater  (<120%  Vs)  than  the  self-breakdown  voltage  of  the 
gap[10].  However,  if  a  larger  overvoltage  is  applied  to  a 
gap  (>120%  Vs),  the  formative  time  lag  is  reduced, 
indicating  that  other  secondary  processes  have  dominated  the 
sparking  mechanism. 

The  process  of  electron  emission  at  the  cathode  by 
positive  ion  bombardment  is  too  slow  to  account  for  many  of 
the  observed  speeds  of  spark  formation.  Furthermore,  at 
higher  pressures,  it  has  been  noted  that  the  drift  velocity 
of  electrons  is  also  too  slow  for  an  avalanche  to  bridge  a 
gap  in  the  short  time  lags  that  have  been  observed[8]. 
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To  account  for  the  short  times  lags  that  have  been 
observed  at  breakdown  voltages  >120%  Vs,  other  theories 
based  on  different  sparking  mechanisms  were  developed.  The 
most  popular  of  these  theories  is  the  streamer  model, 
proposed  by  H.  Raether.  Raether' s  streamer  theory  was 
developed  through  experiments  in  a  cloud  chamber  which 
monitored  the  progress  of  an  avalanche  between  two 
electrodes [ 1 1 ] .  Raether  proposed  that  photoionization  of  the 
gas  (by  photons  produced  through  collisions  in  the 
avalanche)  is  the  most  important  secondary  process,  and  that 
the  formative  time  lag  is  reduced  due  to  effects  of  a  space 
charge  which  develops  as  the  avalanche  progresses  to  the 
anode . 

As  the  avalanche  grows  and  electrons  move  towards  the 
anode,  a  large  space  charge  of  positive  ions  is  left  behind. 
The  charge  distribution  inside  the  avalanche  takes  the  form 
of  a  dipole  and  creates  a  field  that  opposes  the  applied 
electric  field.  Although  the  electric  field  is  reduced 
inside  the  avalanche,  the  electric  field  at  the  head  of  the 
avalanche  is  enhanced  by  the  growing  electron  density. 

The  basis  of  the  streamer  theory  is  that  photons 
produced  by  the  avalanche  ionize  the  gas  ahead,  thereby 
creating  a  more  efficient  path  for  the  advancing  avalanche, 
or  even  initiating  secondary  avalanches  which  eventually 
meet  with  the  main  avalanche.  Another  model,  called  the  two 
group  model  has  been  developed  by  E.E.  Kunhardt  and 
W.W.  Byszewski [ 1 0 ] .  The  two  group  model  is  similar  to  the 
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streamer  model  but,  instead  of  photons  ionizing  the  path 
ahead  of  the  avalanche,  Kunhardt  and  Byszewski  propose  that 
the  intensified  field  at  the  avalanche  head  produces  runaway 
electrons  that  are  pulled  ahead  of  the  main  avalanche,  thus 
ionizing  the  gas  in  their  paths  to  the  anode.  Whatever  the 
true  spark  breakdown  mechanism  is,  for  reasons  discussed  at 
the  beginning  of  this  chapter,  the  discharge  characteristics 
of  a  particular  spark  gap  are  still  basically  unpredictable. 
The  research  that  was  conducted  for  this  thesis  followed  an 
empirical  approach  since  the  primary  motivation  was  to 
develop  a  spark  gap  with  improved  jitter  and  inductance 
characteristics.  The  procedure  of  the  experimental  research 
is  the  subject  of  the  next  chapter. 


3.  EXPERIMENTAL  PROCEDURE 

The  purpose  of  this  graduate  research  was  to  develop  a 
reliable  spark  gap  with  low  jitter  (<1ns  smd)  and  low 
inductance (<1 OnH ) .  Due  to  the  lack  of  predictability  in 
spark  gap  behavior  an  empirical  approach  was  taken  in  the 
spark  gap  design.  The  procedure  that  was  followed  is 
summarized  below.  The  subsequent  sections  in  this  chapter 
describe  each  part  of  the  procedure  and  apparatus  in  detail. 

3.1  OUTLINE  OF  RESEARCH 

An  annular  rail  gap  switch  was  designed  for  a 
self-breakdown  voltage  of  30kV,  with  air  as  the  dielectric. 
The  outer  dimensions  of  the  design  had  to  conform  with  the 
architecture  of  a  KrF  laser  that  is  currently  under 
construction  at  the  University  of  Alberta.  A  high  voltage 
triggering  circuit  was  also  developed  to  provide  a  rapidly 
rising  voltage  pulse  at  the  trigger  electrode  of  the  rail 
gap  to  initiate  breakdown  of  the  switch.  Furthermore,  three 
different  trigger  electrode  geometries  were  designed  and 
tested  in  the  rail  gap  to  determine  the  effects  of  different 
field  stresses  on  jitter  and  inductance. 

All  possible  polarity  combinations  were  applied  to  the 
high  voltage  and  trigger  electrodes  of  the  rail  gap  and  the 
switching  behavior  was  monitored  for  each  case.  Finally,  the 
effects  of  photo-preionization  from  bare  sparks  on  spark  gap 
performance  were  also  studied. 
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In  order  to  become  familiar  with  spark  gap  switching, 
inductance  and  jitter  measurements  were  initially  conducted 
on  a  3-electrode  spark  gap  which  is  currently  employed  in 
the  KrF  laser  facility.  This  provided  the  background  needed 
to  modify  the  3-electrode  design  into  an  annular  rail  gap 
configuration.  Test  results  for  the-  3-electrode  gap  are 
included  in  this  report  to  provide  a  standard  against  which 
the  developed  rail  gap  switch  may  be  compared. 

3.2  DESCRIPTION  OF  SPARK  GAP  DESIGN 

Cross  sections  of  the  3-electrode  and  annular  rail  gap 
designs  are  shown  in  figures  3-1  and  3-2,  respectively.  The 
different  geometries  of  the  two  types  of  spark  gaps  called 
for  a  change  in  electrode  curvature  and  gap  spacing  in  the 
rail  gap  design.  The  minimum  gap  spacing  in  the  rail  gap  is 
3.175mm  ( 1 /8 in)  between  the  trigger  electrode  and  each  of 
the  main  electrodes.  For  the  3-electrode  gap,  the 
corresponding  gap  spacing  is  1.5875mm  (1/16in). 

The  large  bodies  of  dielectric  that  surround  the 
electrodes  were  designed  to  prevent  arcing  along  the 
exterior  of  the  gap.  In  the  case  of  the  rail  gap,  acrylic 
was  chosen  as  the  exterior  dielectric  so  that  the  breakdown 
channels  could  be  observed.  The  interior  walls  of  the 
dielectric  in  the  rail  gap  were  tapered  to  increase  the 
tracking  distance,  reduce  effects  of  the  dielectric  on  the 
electric  field  configuration,  and  also  to  reduce  any 
pressure  shock  that  the  dielectric  might  receive  during 
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Figure  3-1.  The  3-electrode  Spark  Gap  Design. 
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spark  breakdown. 

Both  spark  gaps  were  sealed  and  polyethylene  tubes  were 
inserted  into  opposite  sides  of  the  gaps  to  allow  for 
pressurization  and  air  flow  through  the  gap  spacing.  The 
rate  of  flow  was  sufficient  to  replace  •  the  small  volume 
inside  the  gap  with  fresh  air  for  each  shot. 

To  provide  the  bare  sparks  for  photo-preionization, 
four  open  ended  coaxial  cables  were  also  symmetrically 
inserted  into  the  rail  gap,  in  the  plane  of  the  trigger 
electrode . 

The  geometry  of  the  three  trigger  electrodes  that  were 
tested  are  shown  in  figure  3-3.  The  first  is  a  standard 
blade  edge  electrode  that  is  commonly  used  in  linear  rail 
gap  designs.  The  second  electrode  has  a  duller  edge  than  the 
blade  electrode,  and  was  designed  to  investigate  the  effects 
of  reduced  field  stresses  on  the  spark  gap  switching 
performance.  The  dull  electrode  may  also  be  considered  as  a 
model  for  an  aged  blade  electrode  that  has  been  rounded 
through  erosion. 

The  third  electrode  in  figure  3-3  has  a  sharp  sawtooth 
edge.  This  geometry  was  tested  to  determine  if  localized 
field  enhancement  would  increase  the  number  of  breakdown 
channels  in  the  rail  gap. 
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a.  The  Blade  Electrode 


b.  The  Dull  Electrode 


c.  The  Sawtooth  Electrode 


Figure  3-3.  The  Three  Trigger  Electrodes 
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3.3  DESCRIPTION  OF  CIRCUIT  DESIGN 

Circuit  diagrams  of  the  electrical  and  diagnostic 
arrangements  for  the  3-electrode  and  rail  spark  gap 
experiments  are  shown  in  figures  3-4  and  3-5,  respectively. 
The  high  voltage  electrode  of  the  tested  spark  gap  is 
maintained  at  a  potential  of  ±30kV  by  the  d.c.  charged 
capacitor  Ce .  The  trigger  electrode  of  the  spark  gap  is  d.c. 
biased  to  half  of  the  hold  off  voltage  by  two  lOOMohm 
resistors.  A  high  voltage  pulse,  sent  to  the  trigger 
electrode,  initiates  breakdown  of  the  gap.  Closure  of  the 
spark  gap  results  in  an  oscillatory  discharge  of  Ce.  The 
current  of  this  discharge  is  monitored  by  a  Rogowski  coil. 

3.3.1  CIRCUIT  GEOMETRY 

For  the  3-electrode  gap  experiment,  the  capacitor  Ce 
was  electrically  connected  to  the  spark  gap  by  a  3  inch  wide 
copper  plate.  The  spark  gap  was  mounted  and  grounded  to  an 
earthed  table  by  a  1/2  inch  diameter  steel  stud  bolt.  The 
inductance  of  the  stud  bolt  was  measured  to  be  approximately 
17nH,  and  the  inductance  of  the  capacitor  was  rated  at  20nH. 
Calculations  indicated  the  inductance  of  the  copper  plate  to 
be  about  20nH.  Hence,  the  total  inductance  of  the  circuit 
external  to  the  spark  gap  was  approximately  57nH. 

To  reduce  circuit  inductance  in  the  annular  rail  gap 
experiment,  the  discharge  circuitry  was  arranged  into  a 
tight  coaxial-type  geometry,  as  illustrated  in  figure  3-6. 
The  capacitor  bank  (Ce  in  figure  3-5)  was  made  up  of  five 
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strontium  titanate  capacitors  which  were  symmetrically 
distributed  around  the  gap.  The  capacitors  in  the  bank  were 
electrically  connected  by  annular  copper  plates,  one  of 
which  was  also  connected  to  the  high  voltage  annular  rail 
gap  electrode.  The  other  annular  plate  connected  the 
capacitors  to  ground  through  five  symmetrically  distributed, 
three  inch  long  copper  braids  (of  rectangular  cross 
section).  An  analysis  of  the  inductance  of  this  circuit 
geometry  is  included  in  Chapter  5. 

3.3.2  TRIGGER  PULSE  CIRCUITRY 

For  tests  on  the  3-electrode  spark  gap,  the  trigger 
pulse  was  provided  by  a  main  spark  gap  switch  which  supplied 
synchronized  triggering  to  the  KrF  laser  facility.  The 
loading  on  this  switching  circuit  limited  the  pulse 
rate-of-rise  to  nominally  2kV/ns. 

As  part  of  the  development  of  the  rail  spark  gap  test 
chamber,  a  separate  trigger  pulse  forming  network  was 
constructed.  This  circuit  is  also  shown  in  figure  3-5.  A 
trigatron  spark  gap  was  employed  to  provide  the  high  voltage 
switching  for  the  trigger  pulse.  Breakdown  of  the  trigatron 
gap  was  initiated  by  a  high  voltage  pulse  that  was  produced 
by  the  closure  of  an  SCR  switch.  This  allowed  a  charged 
capacitor  to  discharge  into  the  primary  of  a  step-up 
transformer.  The  SCR  switch  could  be  operated  manually  or 
automatically  through  an  Intersil  NE/SE-555  monolithic 
timing  circuit  that  was  designed  to  trigger  the  SCR 
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approximately  every  6  seconds. 

Closure  of  the  trigatron  spark  gap  produces  an  inverted 
capacitor  voltage  at  the  transmission  lines.  As  the 
capacitor  Ct  discharges  through  the  closed  gap,  a  transient 
voltage  pulse  is  sent  down  the  six  transmission  lines,  one 
of  which  is  connected  (through  a  decoupling  capacitor)  to 
the  trigger  electrode  of  the  gap. 

When  the  voltage  pulse  arrives  at  the  ends  of  the 
transmission  lines,  the  open  circuit  termination  causes  it 
to  be  reflected  and  doubled.  In  the  case  of  the  trigger 
pulse,  the  d.c.  value  of  the  charged  decoupling  capacitor  is 
superimposed  on  the  pulse  voltage  when  it  meets  the  trigger 
electrode.  Accounting  for  a  IdB  cable  loss  along  the  50ft 
transmission  line,  the  peak  voltage  at  the  trigger  electrode 
can  be  expressed  as: 

V0=-2V1/1 . 25+V2/2  (3.1) 

where  V,  is  the  d.c.  hold-off  voltage  of  the  trigatron  spark 
gap  and  V2  is  the  d.c.  hold-off  voltage  applied  to  the  rail 
gap. 

The  d.c.  voltage  for  both  the  trigatron  spark  gap  and 
the  rail  gap  was  provided  by  a  single  power  supply. 
Consequently,  changes  in  polarity  of  the  rail  gap  would  also 
mean  a  polarity  change  on  the  trigatron  gap.  A  negative  d.c. 
voltage  across  the  trigatron  spark  gap  affected  the 
discharge  performance  in  the  trigatron  spark  gap,  however, 
and  reduced  the  smoothness  and  rate-of-rise  of  the  transient 
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pulse.  Switching  of  the  trigger  pulse  polarity  was  achieved 
by  reversing  the  leads  at  the  end  of  the  transmission  cable. 

3.3.3  OPERATING  VOLTAGES  AND  PRESSURES 

The  operating  d.c.  voltage  for  both  the  trigatron  spark 
gap  and  the  rail  spark  gap  was  +  30kV  for  all  experiments. 
Application  of  equation  3.1  reveals  the  peak  voltage  for  the 
trigger  pulse  at  the  trigger  electrode  to  be  +63kV  when  the 
pulse  is  of  the  same  polarity  as  the  rail  gap  hold-off 
voltage,  and  +  33kV  when  the  trigger  pulse  is  of  opposite 
polarity  to  the  hold-off  voltage. 

It  should  be  noted,  however,  that  for  either  case  the 
greatest  potential  difference  between  the  trigger  electrode 
and  one  of  the  main  rail  gap  electrodes  is  63kV.  When  the 
trigger  pulse  is  of  the  same  polarity  as  the  applied  d.c. 
hold-off  voltage,  there  is  a  potential  difference  of  63kV 
between  the  trigger  electrode  and  the  grounded  main 
electrode.  Conversely,  when  the  trigger  pulse  is  of  opposite 
polarity  to  that  of  the  d.c.  hold-off  voltage,  the  63kV 
potential  difference  is  between  the  trigger  electrode  and 
the  high  voltage  main  electrode. 

Preliminary  tests  of  jitter  vs  rail  gap  pressure  gave 
optimum  results  when  the  spark  gap  was  operated  just  above 
the  minimum  hold-off  pressure.  Hence,  operating  pressures 
for  the  rail  gap  were  chosen  to  be  27  PSIA  for  positive  d.c. 
voltages,  and  40  PSIA  for  the  negative  voltages. 
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A  possible  reason  for  the  different  hold-off  pressures 
is  that  when  the  trigger  electrode  is  negatively  biased,  the 
higher  field  stress  at  the  trigger  electrode  makes  it  more 
susceptible  to  cold  cathode  emission  which  reduces  the 
self -breakdown  voltage[8].  An  increase  of  pressure  increases 
the  sparking  potential  to  above  the  chosen  30kV. 

3.3.4  CIRCUITRY  FOR  PREIONIZATION 

The  remaining  5  transmission  lines  connected  to  the 
trigger  pulse  forming  circuit  were  used  in  either  of  the 
following  modes: 

1 .  4  of  the  5  cables  transferred  high  voltage  pulses  to 
induce  breakdown  of  the  small  air  sparks  used  for 
preionization.  The  fifth  cable  provided  an  extra  access 
for  any  additional  diagnostics  that  may  be  called  for. 

2.  If  no  preionization  or  additional  diagnostics  were  used, 
all  5  cables  were  replaced  by  dummy  cables  to  keep  a 
constant  load  on  the  trigger  circuitry. 

The  open  ends  of  the  four  cables  that  provided  the 
photo-preionization  were  symmetrically  inserted  into  the 
sides  of  the  rail  gap  and  allowed  to  spark  with  application 
of  the  voltage  pulse.  Each  of  these  lines  were  20ft  long 
(compared  with  the  50ft  transmission  line  that  delivered  the 
voltage  pulse  to  the  trigger  electrode),  so  that  there  was  a 
45ns  delay  between  the  arrival  of  the  voltage  pulse  at  the 
ends  of  the  preionization  cables  and  the  arrival  of  the 
voltage  pulse  at  the  trigger  electrode.  Preliminary 
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measurements  showed  a  typical  time  lag  of  20ns  for  the 
development  of  a  spark  at  the  open  end  of  a  high  voltage 
transmission  line.  Hence  the  delay  time  between  the 
preionization  sparks  and  the  arrival  of  the  voltage  pulse  at 
the  trigger  electrode  was  nominally  25ns. 

3.4  MEASUREMENT  PROCEDURE  AND  DIAGNOSTICS 

The  discharge  currents  in  the  3-electrode  and  rail  gap 
experiments  were  monitored  by  a  Rogowski  coil  that  was 
placed  on  the  grounded  side  of  the  discharge  circuitry.  An 
integrator  was  attached  to  the  Rogowski  coil  in  the 
3-electrode  experiment  so  that  the  current  discharge  could 
be  monitored  directly  on  the  oscilloscope.  However,  in  the 
case  of  the  rail  gap  experiment,  noise  problems  forced  the 
removal  of  the  integrator  from  the  diagnostics. 
Consequently,  the  derivative  of  the  discharge  current, 
dl/dt,  was  monitored,  which  subsquently  was  digitized  and 
numerically  integrated  for  analysis. 

The  waveform  of  the  discharge  current  was  found  to  fit 
an  underdamped  series  L-R-C  circuit  model  which  is 
illustrated  in  figure  3-7.  Re,  Le ,  and  Ce  are  the 
resistance,  inductance  and  capacitance  of  the  discharge 
circuitry  external  to  the  spark  gap,  while  Rg ,  Lg  and  Cg  are 
the  corresponding  spark  gap  values.  The  spark  gap 
capacitance  Cg  is  of  the  order  of  1 Opf  and  can  therefore  be 
neglected  with  respect  to  the  external  circuit  capacitance. 
The  inductance  Lg  and  resistance  Rg  are  those  associated 


Figure  3-7. 


The  L-R-C  Equivalent  Circuit 
Discharge  Circuitry. 
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with  the  breakdown  channels  in  the  discharge. 

The  current  response  for  an  underdamped  series  L-R-C 
circuit  is: 

I=Kexp(-0wt )  sin[a>(  1->S2  )  1/2  )t]  (3.2) 

where  K=V0 /Lw (  1  -0 2 )  1/2  (3.3) 

w=  ( LC  )  ‘  1/2  (3.4) 

/3=R  ( C/L )  1/2  /2  (3.5) 

R,  L,  and  C  are  the  total  series  resistance,  inductance  and 
capacitance  of  the  circuit,  and  V0  is  the  intial  d.c. 
voltage  across  the  charged  capacitor.  If  0< 1 ,  then  the 
period  T  of  the  sinusoid  is  approximately  equal  to  2tt/w. 
Hence,  the  inductance  of  the  circuit  can  be  determined 
directly  from  the  period  of  the  discharge  through  the 
relation : 


L=T 2  /  (  4  it  2  C )  (3.6) 

Jitter  measurements  were  achieved  in  the  following 
manner.  A  signal,  sent  simultaneously  with  the  voltage  pulse 
travelling  to  the  trigger  electrode  of  the  gap,  was  used  to 
externally  trigger  an  oscilloscope.  Differences  in  the 
arrival  times  of  the  discharge  current  signals  at  the 
oscilloscope  were  noted  for  typically  100  shots,  and  a 
standard  deviation  was  calculated.  In  addition,  in  the  case 
of  the  rail  gap,  typical  breakdown  delay  times  were 


recorded . 
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For  the  3-electrode  gap  experiment,  the  external 
trigger  for  the  oscilloscope  was  provided  by  an  optical 
signal  that  was  generated  by  plasma  emission  produced  by 
breakdown  of  a  small  air  gap  -  caused  by  a  high  voltage 
signal  from  the  main  spark  gap  switch  (figure  3-5)-.  In  the 
case  of  the  rail  gap,  a  voltage  signal  was  taken  from  the 
spark  gap  trigger  pulse  just  before  it  reached  the  trigger 
electrode.  In  addition  to  providing  a  method  of  monitoring 
the  voltage  pulse  to  the  electrode,  this  signal  was  used  (in 
place  of  the  optical  signal)  to  provide  the  external  trigger 
for  the  oscilloscope.  This  procedure  eliminated  the  added 
jitter  (typically  a  2ns  window)  induced  by  the  randomness  in 
time  of  breakdown  of  the  small  air  gap,  and  therefore 
provided  more  reliable  data.  The  voltage  signal  from  the 
trigger  electrode  was  attenuated  20,000  times  before  it  was 
sent  to  the  oscilloscope.  The  total  risetime  of  the  voltage 
probe  and  divider  circuitry  was  6ns. 


4.  RESULTS  OF  THE  3-ELECTRODE  SPARK  GAP  EXPERIMENT 

The  results  obtained  from  jitter  measurements  and 
inductance  calculations  for  the  3-electrode  spark  gap 
experiment  are  presented  in  this  chapter. 

4.1  INDUCTANCE  AND  RESISTANCE  OF  THE  3-ELECTRODE  SPARK  GAP 

A  typical  oscillogram  showing  the  current  waveform  from 
the  3-electrode  spark  gap  discharge  circuitry  is  illustrated 
in  figure  4-1.  The  sinusoidal  waveform  has  a  period  of 
640ns.  Knowledge  of  this  period  and  the  circuit  capacitance 
of  102nf  when  applied  to  equation  3.6  (assuming  f}<  1  )  reveals 
a  total  circuit  inductance  of  102nH.  The  circuit  inductance 
external  to  the  3-electrode  gap  was  calculated  to  be 
approximately  57nH.  Hence,  the  inductance  of  the  3-electrode 
gap  is  determined  to  be  nominally  45nH. 

The  intrinsic  resistance  associated  with  the 
3-electrode  gap  discharge  can  be  found  from  a  comparison  of 
the  amplitudes  of  successive  peaks  in  figure  4-1.  From 
equation  3.2  the  ratio  of  the  amplitudes  of  the  peaks  (at 
the  times  t,  and  t2),  leads  to  the  relation: 

I  (t,  )/I  (t2  )=exp[-^(t,-t2  )  ]  =  6. 8/4. 4=1  .5  (4.1) 

Hence,  for  1 2-t ,  =2tt/<j;  (4.2) 

£=ln [ I  (t,  )/I  (t2  )  ]/w(t2-t,  )  =  ln(  1  .5)/2tt=.065  (4.3) 

The  assumption  that  £< 1  is  valid.  Substituting  this  value 
into  equation  3.5,  and  solving  for  R  gives  R=0.13  ohm. 
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Figure  4-1.  Current  Waveform  of  the  3-electrode  Gap 

Discharge  Circuit. 
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4.2  JITTER  MEASUREMENTS  OF  THE  3-ELECTRODE  SPARK  GAP 

The  minimium  jitter  for  the  3-electrode  gap  was 
determined  to  be  1.2ns  (smd).  In  this  particular  case,  the 
d.c.  voltage  that  was  applied  to  the  gap  was  +30kV  and  the 
gap  pressure  was  45PSIA.  The  peak  voltage  of  the  trigger 
pulse  was  approximately  -45kV. 

The  above  result  does  not,  however,  account  for  the  2ns 
window  jitter  of  the  small  air  gap  which  was  the  source  of 
the  optical  signal  that  was  used  to  externally  trigger  the 
oscilloscope.  Assuming  a  Gaussian  distribution  for  this 
jitter,  95%  of  the  2ns  window  can  be  represented  by  4  times 
the  standard  mean  deviation  of  the  intrinsic  jitter  of  the 
optical  source.  Incorporation  of  the  .5ns  smd  for  the 
optical  signal  into  the  calculated  spark  gap  jitter  reveals 
an  intrinsic  jitter  for  the  3-electrode  gap  of  1.1ns. 

4.3  CONCLUSIONS  OF  THE  3-ELECTRODE  SPARK  GAP  EXPERIMENT 

The  3-electrode  spark  gap  switch  was  found  to  have  an 
intrinsic  inductance  of  45nH.  The  minimum  breakdown  jitter 
of  the  3-electrode  gap  was  determined  to  be  1.1ns.  These 
results  show  that  the  3-electrode  spark  gap  may  be  very 
useful  for  high  voltage  switching  applications  where  small 
jitter  times  are  essential.  However,  the  relatively  large 
inductance  that  is  associated  with  this  type  of  spark  gap 
configuration  does  not  make  it  very  practical  for 
applications  where  very  fast  switching  is  called  for. 


5.  RESULTS  OF  THE  ANNULAR  RAIL  SPARK  GAP  EXPERIMENT 

This  chapter  outlines  the  results  from  the  tests  that 
were  conducted  on  the  rail  gap  design.  The  first  section 
discusses  the  waveforms  that  were  obtained  from  voltage  and 
current  diagnostics.  This  is  followed  by  some  examples  of 
how  the  breakdown  delay  and  jitter  times  were  measured.  The 
next  section  describes  the  calculations  of  the  rail  gap 
inductance.  The  final  results  of  the  experiment  for  the 
blade,  dull  and  sawtooth  electrodes  are  listed  in  tables  5-1 
to  5-3.  A  discussion  of  these  results  concludes  this 
chapter . 

5.0.1  DEFINITIONS  OF  ADOPTED  NOTATION 

In  the  following  discussion,  a  notation  has  been 
adopted  for  easy  referral  to  the  polarity  combinations  that 
were  applied  to  the  rail  gap  for  each  individual  experiment. 
A  particular  polarity  combination  will  be  denoted  by  two 
signs,  separated  by  a  slash.  The  first  of  the  two  signs 
indicates  the  polarity  of  the  spark  gap  d.c.  hold-off 
voltage.  The  second  sign  indicates  the  polarity  of  the 
voltage  pulse  that  is  sent  to  the  rail  gap  trigger 
electrode . 

Where  applicable,  the  suffix  fp’  or  ’np'  denotes 
whether  preionization  or  no  preionization  was  applied  to  the 
gap  for  an  individual  experiment.  For  example,  the  notation 
+ /- np  refers  to  a  positive  d.c.  hold— off  voltage  and  a 
negative  trigger  pulse,  with  no  preionization. 
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5.1  DISCUSSION  OF  OBSERVED  WAVEFORMS 

Figures  5-1  to  5-5  show  characteristic  waveforms  that 
were  observed  in  the  rail  gap  experiments,  when  a  blade, 
dull  or  sawtooth  trigger  electrode  was  employed.  Each 
waveform  corresponds  to  a  particular  polarity  combination, 
with  or  without  the  use  of  preionization.  Examination  of  the 
waveforms  (particularly  the  trigger  pulse  waveforms)  show 
every  case  to  be  unique.  However,  for  each  individual 
experiment,  the  only  differences  that  were  found  in  the 
oscillograms  from  shot  to  shot  were  the  delay  times 
corresponding  to  each  stage  of  breakdown,  as  well  as  small 
changes  in  the  periods  of  the  discharge. 

Figures  5-1  to  5-5  illustrate  some  of  the  the  trigger 
voltage  pulses  that  were  seen  at  the  end  of  the  50ft 
transmission  line,  before  passing  through  the  charged 
decoupling  capacitor  to  the  trigger  electrode  of  the  gap. 
Consequently,  the  added  d.c.  biasing  voltage  across  the 
decoupling  capacitor  is  not  shown.  When  the  biasing  voltage 
is  added  to  the  voltage  seen  in  the  oscillograms,  the  peak 
trigger  pulse  voltage  value  corresponds  well  with  that 
predicted  by  equation  3.1. 

Figure  5-1  shows  the  trigger  voltage  pulses  that  were 
observed  when  a  +/-  polarity  combination  was  applied  to  the 
rail  gap  and  blade  electrode.  The  leading  edge  of  the 
voltage  pulse  is  smooth  and  reaches  its  peak  value  in  8ns. 

Figure  5-2  illustrates  an  example  of  the  noise  level 
that  was  observed  with  the  trigger  voltage  pulse  when 
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Figure  5-1.  Observed  Trigger  Voltage  of  the  Rail  Gap 
Experiment  with  a  Blade  Trigger  Electrode  and  +/-  Polarity 

Combination . 


Figure  5-2.  Observed  Trigger  Voltage  of  the  Rail  Gap 
Experiment  with  a  Blade  Trigger  Electrode  and  +/+  Polarity 

Combination . 
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Figure  5-3.  Observed  Trigger  Voltage  of  the  Rail  Gap 
Experiment  with  a  Sawtooth  Trigger  Electrode  and  -/- 

Polarity  Combination. 


Figure  5-4.  Observed  Trigger  Voltage  of  the  Rail  Gap 
Experiment  with  a  Dull  Electrode  and  +/+  Polarity 

Combination . 
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Figure  5-5.  The  Discharge  Current  Differential  with  Respect 
to  Time  that  was  Observed  when  a  +/+p  Polarity  was  Applied 
to  the  Rail  Gap  and  Sawtooth  Trigger  Electrode. 
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preionization  was  applied  to  the  gap.  The  zero  on  the  time 
scale  corresponds  to  the  reference  point  from  which  the  time 
to  peak  voltage  was  measured.  Although  this  much  noise  was 
not  usually  observed  prior  to  the  leading  edge  of  the 
voltage  pulse,  it  does  add  some  uncertainty  to  the  true 
quality  (smoothness,  risetime  and  peak  voltage  value)  of  the 
voltage  pulse  at  the  trigger  electrode;  it  may  also  account 
for  some  of  t'he  bumps  that  were  seen  in  the  other  waveforms. 

The  deterioration  of  the  leading  edge  of  the  voltage 
pulse  where  the  spark  gap  hold-off  voltage  is  negative  (as 
shown  in  figure  5-3)  is  probably  due  to  the  asymmetrical 
position  of  the  trigger  electrode  in  the  trigatron  spark 
gap.  When  this  trigger  electrode  sparks  over  to  the  grounded 
electrode,  the  free  electron  density  (resulting  from  the 
sparkover)  is  on  the  anode  side  of  the  gap.  In  this  case  the 
triggering  of  the  spark  gap  is  not  as  effective  as  it  would 
be  if  the  trigger  electrode  were  to  spark  over  to  the 
cathode.  The  risetime  of  the  current  is  decreased  or 
deformed  by  the  more  slowly  developing  avalanches  that  fade 
and  then  reignite  as  they  progress  across  the  gap. 
Consequently,  a  slower  risetime  -  as  well  as  humps  in  the 
rising  edge  -  is  seen  in  the  voltage  pulse  when  the  applied 
hold-off  voltage  is  negative. 

Because  of  the  variations  of  the  leading  edge  of  the 
trigger  voltage  waveforms,  a  fair  evaluation  of  the 
rate-of -r i se  was  difficult  to  assess.  The  trigger  pulse 
ra t e — o f - r i se  was  determined  from  the  ratio  of  the  change  in 
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voltage  at  the  trigger  electrode,  to  the  time  for  the 
observed  pulse  to  meet  its  peak  value.  For  example,  for  the 
+/-np  blade  electrode  case,  the  trigger  voltage  rate-of-rise 
was  determined  to  be  48kV/8ns  or  6kV/ns.  In  the  -/-np 
sawtooth  electrode  case  the  rate-of-rise  was  48kV/17ns  or 
2 . 8kV/ns . 

The  falling  edge  of  the  trigger  pulse  shows  the  time  of 
the  first  breakdown  stage,  corresponding  to  the  voltage 
transition  of  the  trigger  electrode.  Comparison  of  the 
trigger  voltage  waveforms,  for  each  polarity  combination, 
clearly  show  that  this  delay  time  is  reduced  when 
preionization  is  applied  to  the  gap.  In  particular,  figure 
5-4  illustrates  a  case  where  preionization  causes  the  first 
breakdown  stage  to  occur  prior  to  peak  voltage  of  the 
trigger  pulse. 

A  typical  example  of  the  observed  discharge  current 
differential  with  respect  to  time,  dl/dT,  is  shown  in  figure 
5-5.  However,  for  greater  resolution  of  the  periods  and 
breakdown  delay  times,  only  the  first  period  of  the  sinusoid 
was  usually  monitored  in  each  observation.  Figure  5-6 
illustrates  characteristic  current  discharge  waveforms  (and 
corresponding  breakdown  delay  times)  that  were  obtained  from 
digitization  and  numerical  integration  of  dl/dT 
oscillograms.  The  waveforms  shown  here  were  chosen  to 
represent  the  typical  breakdown  performance  of  the  rail  gap 
when  the  blade,  dull  or  sawtooth  trigger  electrode  was 
employed.  Since  the  Rogowski  coil  used  to  obtain  these 
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Figure  5-6.  Characteristic  Current  Discharge  Waveforms  when 
a  +/+  Polarity  Combination  is  Applied  to  the  Rail  Gap  and 
Blade,  Dull  and  Sawtooth  Trigger  Electrodes. 
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measurements  was  not  calibrated,  the  exact  quantities  of 
dl/dt  were  not  observed.  The  amplitudes  of  the  sinusoids  in 
figures  5-5  and  5-6  were  calculated  from  equation  3.2  and 
its  derivative. 

5.1.1  CALCULATIONS  OF  DELAY  AND  JITTER  TIMES 

All  delay  times  were  taken  with  respect  to  the  time  of 
peak  voltage  of  the  trigger  pulse.  The  delay  time  for  the 
first  breakdown  stage  corresponds  to  the  time  that  the 
trigger  pulse  falls  from  its  peak  voltage  value.  For 
example,  in  the  +/-np  case  with  the  blade  electrode  (figure 
5-1),  the  delay  time  to  the  first  breakdown  stage  was  found 
to  be  typically  42ns.  When  preionization  was  applied  with 
this  polarity  combination,  the  first  stage  delay  time  was 
reduced  to  12ns. 

The  overall  breakdown  delay  times  were  measured  by  the 
appearance  of  the  sharp  rising  edge  of  the  sinusoids  in  the 
observed  dl/dt  waveforms.  These  delay  times  were  monitored 
on  the  oscilloscope  with  respect  to  the  rising  edge  of  the 
trigger  pulse  as  described  in  section  3.4.  A  10ns  diagnostic 
cable  delay  time  as  well  the  trigger  pulse  rise  time  were 
subtracted  from  the  observed  delay  times  to  give  the  final 
results.  For  example,  in  the  +/+p  sawtooth  electrode  case, 
the  observed  overall  delay  time  was  48ns.  The  time  to  peak 
voltage  of  the  trigger  pulse  was  18ns.  Subtraction  of  the 
voltage  risetime  and  the  10ns  cable  delay  time  reveals  an 
overall  breakdown  delay  time  of  20ns  (figure  5-6). 
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As  described  in  section  3.4,  the  jitter  measurements 
were  obtained  by  monitoring  the  change  in  the  breakdown 
delay  times  over  a  number  a  shots,  and  the  standard  mean 
deviation  was  calculated.  This  method  was  used  to  find  the 
total  breakdown  jitter,  as  well  as  the  jitter  of  the  first 
breakdown  stage.  In  the  +/-np  blade  electrode  experiment  the 
standard  mean  deviation  in  the  delay  time  of  the  first 
breakdown  stage  was  10.1ns.  The  total  breakdown  jitter  was 
1 0 . 9ns . 

5.1.2  RAIL  SPARK  GAP  AND  EXTERNAL  DISCHARGE  CIRCUIT 
INDUCTANCE  CALCULATIONS 

The  sinusoidal  waveforms  in  figure  5-6  show  that  the 
spark  gap  discharge  current  conforms  to  the  current  model 
that  was  described  section  3.4.  Apart  from  inaccuracies 
created  by  digitization  and  numerical  integration  of  the 
observed  dl/dt' s,  periods  taken  from  different  parts  of  a 
particular  sinusoid  are  seen  to  be  relatively  constant. 
However,  oscillograms  of  a  number  of  superimposed  shots 
showed  that  the  discharge  period  would  vary  by  as  much  as 
4ns  for  each  individual  experiment. 

Since  the  zeroes  of  dl/dt  correspond  to  the  peaks  of 
the  current  discharge,  the  period  of  a  sinusoid  can  be 
determined  directly  from  the  observed  waveforms  as  twice  the 
time  between  the  second  and  third  zeroes  of  dl/dT.  This 
process  eliminates  the  uncertainties  that  are  added  in  the 
waveform  digitization  and  numerical  integration.  Because  the 
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rail  gap  inductance  is  relatively  small,  it  is  important 
that  additional  errors  in  the  inductance  calculations  be 
kept  to  a  minimum. 

To  check  the  simplified  relationship  between  T,  L,  and 
C  (equation  3.6),  we  must  establish  that  the  value  of  in 
equation  3.2  is  much  less  than  1.  Assuming  this  to  be  true, 
then  differentiation  of  equation  3.2  gives: 

dI/dt=Ku)exp( -/Ja>t  )cos[oj(  I-/?2  )  1/2 1  ]  (5.1) 

The  value  of  (5  can  be  calculated  from  the  ratio  of  the 
heights  of  the  second  and  third  extrema  in  dl/dt,  through  a 
relation  similar  to  that  of  equation  4.3: 

j8=1/irln{  [dl  (t=t,  )/dt]/[dI  (t=t2 )/dt] }  (5.2) 

where  t,  is  the  time  of  the  second  extrema  and  t2  is  the 
time  of  the  third  extrema  in  the  sinusoid. 

For  the  +/+np  blade  electrode  experiment,  analysis  of 
the  observed  waveform,  dl/dt,  revealed  that 

[ dl ( t=t , ) /dt ] /[ dl ( t=t 2 ) /dt ] =5 . 4/4 . 2= 1 . 3 .  Substitution  of 

these  values  into  equation  5.2  gives  a  jS  of  0.08.  Figure  5-6 
shows  the  blade  electrode  case  to  have  the  largest  damping 
of  the  three  trigger  electrodes  that  were  tested.  Hence, 
is  much  less  than  one  for  all  cases  and  the  circuit 
inductance  can  be  determined  directly  from  the  period  of  the 
observed  discharge,  using  equation  3.6.  For  the  +/+np  blade 
electrode  case,  application  of  the  104ns  period  to  equation 
3.6  leads  to  a  total  circuit  inductance  of  42nH. 
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To  determine  the  inductance  of  the  circuit  external  to 
the  rail  gap,  periods  of  the  sinusoidal  discharge  were 
compared  for  a  different  number  of  capacitors  and  braids. 
The  inductance  of  each  strontium  titanate  capacitor  was 
determined  to  be  51nH,  with  an  uncertainty  of  +  3nH. 
Unfortunately,  calculations  of  -the  braid  inductance  were  not 
as  consistent.  This  inconsistency  can  be  attributed  to  a 
lack  of  uniformity  in  the  copper  braids,  as  well  as  to  the 
effect  of  different  loads  on  the  rail  gap  which  may  vary  its 
intrinsic  inductance.  At  any  rate,  an  average  value  for  the 
inductance  of  the  copper  braids  was  determined  to  be  IIOnH 
with  an  uncertainty  of  +15nH.  Since  the  external  circuit  was 
made  up  of  5  parallel  capacitors  in  series  with  5  parallel 
copper  braids,  the  net  external  circuit  inductance  is 
32+6. 8nH.  This  result  indicates  an  intrinsic  rail  gap 
inductance  of  10nH  for  the  +/+np  case  with  the  blade 
electrode . 

The  4ns  changes  in  the  periods  of  the  sinusoids  from 
shot  to  shot  reveals  an  additional  uncertainty  in  the 
inductance  calculations.  Consideration  of  this  uncertainty, 
as  well  as  a  possible  2ns  error  in  the  reading  of  the 
oscillograms,  leads  to  an  added  uncertainty  of  4nH  in  the 
rail  gap  inductance.  Hence  the  total  error  in  the  spark  gap 
inductance  calculations  (including  the  uncertainty  of  the 
external  circuit  inductance)  is  determined  by  the  sum  of  the 
squares  of  the  individual  errors  to  be  +8nH. 
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In  summary,  for  each  experiment,  the  total  circuit 
inductance  was  calculated  (according  to  equation  3.6)  from 
the  periods  of  the  observed  waveforms  dl/dt.  A  value  of  32nH 
was  subtracted  from  the  total  inductance  to  account  for 
contributions  of  the  circuit  external  to  the  spark  gap.  The 
final  results  of  the  calculated  rail  gap  inductance  for  each 
experiment  are  listed  in  tables  5-1  to  5-3.  The  total 
uncertainty  of  these  results  is  +8nH. 

5.2  DISCUSSION  OF  RESULTS 

Typical  delay  times,  as  well  as  jitter  and  inductance 
results  of  the  tests  that  were  conducted  on  the  annular  rail 
gap  design  with  a  blade,  dull  and  sawtooth  edge  electrode 
are  listed  in  tables  5-1  to  5-3,  respectively.  The  results 
show  a  wide  range  of  values  over  all  of  the  measurements 
that  were  taken.  Although  the  blade  edge  electrode  is  most 
commonly  used  in  spark  gap  applications,  it  is  seen  here  to 
give  the  highest  average  inductance  and  jitter  of  the  three 
trigger  electrodes  that  were  tested.  The  dull  electrode  has 
reduced  inductance  in  every  case  when  compared  with  the 
blade  electrode,  and  improved  overall  jitter  in  every  case 
except  for  +/-np.  The  sawtooth  electrode  demonstrates  the 
lowest  average  jitter,  as  well  as  the  lowest  average 
inductance  with  preionization. 

Pr e i on i za t i on  is  seen  to  improve  both  inductance  and 
jitter  for  most  cases.  The  greatest  effect  of  preionization 
is  found  in  the  first  breakdown  stage  where  the  delay  times 
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and  jitter  (with  the  exception  of  the  +/+np  sawtooth  trigger 
electrode  case)  are  dramatically  reduced.  Averages  over  the 
results  for  all  three  electrodes  show  that  the  overall  delay 
times  are  reduced  by  an  -average  of  15ns  with  preionization. 
The  overall  jitter  is  improved  by  an  average  of  80%  with 
preionization,  while  the  inductance  is  reduced  by  19%-. 

Less  improvement  in  overall  jitter  and  inductance  with 
preionization  is  generally  seen  for  -/-  cases.  The  -/-  blade 
electrode  experiment  suggests  that  preionization  may  even 
worsen  the  spark  gap  switching  performance,  although  the 
results  with  and  without  preionization  for  this  case  are  so 
close  that  the  discrepancies  may  simply  be  due  to 
statistical  error.  At  any  rate,  the  -/+  results  for  the 
blade  and  dull  electrodes  (and  the  +/-  case  with  the 
sawtooth  electrode)  clearly  demonstrate  how  bad  spark  gap 
jitter  can  be  dramatically  improved  with  preionization. 

The  inductance  of  the  rail  gap  ranges  from  4nH  in  the 
case  of  the  sawtooth  electrode  with  preionization,  to  17nH 
for  the  bladed  electrode  without  preionization.  The  overall 
average  inductance  of  the  rail  gap  without  preionization  is 
1 0 . 8nH ,  which  is  slightly  under  1/4  of  the  inductance  of  the 
3-electrode  gap.  This  is  an  interesting  result  in  that  3  to 
5  spark  channels  were  usually  observed  in  the  rail  9aP 
discharge.  The  average  rail  9aP  inductance  with 
preionization  is  8.8nH. 

Some  trends  do  appear  with  the  different  polarity 
configurations  although  few  of  them  were  really  definitive. 


■ 
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For  example,  the  -/+np  combination  shows  high  jitter 
characteristics  for  the  blade  and  dull  electrodes,  although 
the  jitter  is  quite  reasonable  for  the  sawtooth  electrode. 
Conversely,  relatively  low  jitter  is  seen  in  the  -/-np  case 
for  both  the  blade  and  dull  electrodes,  but  it  is  high  for 
the  corresponding  case  with  the  sawtooth  electrode. 

The  trigger  pulse  rate-of-rise  is  generally  found  to  be 
highest  for  the  +/-  polarity  combination.  This  is  a 
reasonable  result  because  the  hold-off  voltage  on  the 
trigatron  spark  gap  is  negative.  Since  the  quality  of  the 
trigger  voltage  pulse  does  affect  spark  gap  switching 
per f ormance [ 1 2 ] ,  the  high  jitter  of  the  +/-np  configurations 
is  an  unexpected  result.  Furthermore,  the  jitter  is  higher 
in  this  case  for  the  blade  and  sawtooth  electrodes  where  the 
voltage  rate  of  rise  is  5-6kV/ns,  than  in  the  dull  electrode 
case  where  the  voltage  rate-of-rise  is  only  3.2kV/ns. 

In  general,  the  results  indicate  that  without 
preionization,  rail  gap  inductance  and  jitter  is  lower  for 
configurations  where  the  trigger  pulse  is  of  the  same 
polarity  as  the  voltage  applied  across  the  main  electrodes 
of  the  spark  gap.  The  reduction  of  the  inductance  is 
especially  significant  in  these  cases.  This  result  appears 
to  be  independent  of  the  rate-of-rise  of  the  trigger  pulse 
and  the  different  pressures  that  were  used  for  the  two 
hold-off  voltage  polarities.  The  +/+  polarity  configuration 
with  pre i on i zat i on  provides  low  jitter,  as  well  as 
reasonably  low  inductance  for  all  three  electrodes. 
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Figure  5-6  illustrates  a  comparison  of  the  rail  gap 
inductance  and  overall  breakdown  delay  times  for  the  three 
trigger  electrodes  that  were  tested.  Based  on  the  foregoing 
discussion,  results  from  the  +/+  polarity  combination  were 
chosen  to  represent  each  electrode.  Since  the  inductance  of 
the  rail  gap  did  not  change  with  preionization  for  this 
polarity  combination  in  the  blade  and  dull  electrode  cases, 
only  the  current  discharge  of  the  sawtooth  electrode 
experiment  with  preionization  is  shown  in  figure  5-6. 

Due  to  the  relatively  small  variations  in  the  periods 
of  the  current  discharge,  direct  comparison  of  the  rail  gap 
inductance  from  the  periods  is  not  very  revealing  in  figure 
5-6.  However,  from  equations  3.2  to  3.4,  the  total 
inductance  of  the  discharge  circuitry  is  inversely 
proportional  to  the  square  of  the  amplitude  of  the  sinusoid. 
Hence,  comparison  of  the  amplitudes  of  the  first  peaks  in 
the  waveforms  in  figure  5-6  may  be  considered  as  a  more 
direct  method  of  evaluating  the  rail  gap  switching 
performance  for  each  trigger  electrode. 

The  lowest  jitter  values  are  provided  by  the  sawtooth 
electrode.  These  are  1.6  ns  for  the  +/+  polarity  combination 
without  preionization,  and  0.6ns  for  the  +/-polarity  with 
pr e i on i za t i on .  A  minimum  inductance  of  4nH  with 
pr e i on i za t i on  is  found  for  the  +/~  and  ~/~  cases  of  the 
sawtooth  electrode.  Minimum  inductance  of  5nH  without 
pr e i on i za t i on  is  noted  for  the  ~/~  case  of  the  sawtooth 
electrode,  although  it  is  also  seen  for  the  +/+  and  / 


cases  with  the  dull  electrode. 


. 
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6.  CONCLUSIONS 


This  research  has  demonstrated  the  performance  of  an  annular 
rail  spark  gap  design  that  has  both  low  inductance  and  low 
jitter  characteristics.  Jitter  measurements  as  low  as  1.6ns 
without  preionization  and  0.6ns  with  the  use  of 
preionization  (from  bare  sparks)  were  observed  from  the  rail 
gap  discharge  when  a  sawtooth  trigger  electrode  geometry  was 
used.  These  results  are  comparable  with  the  low  jitter 
(1.1ns)  characteristics  of  the  3-electrode  spark  gap. 

Minimum  inductances  of  5nH  without  preionization  and 
4nH  with  preionization  were  also  observed  from  the  rail  gap 

discharge  when  the  sawtooth  trigger  electrode  was  employed. 

% 

This  is  a  significant  improvement  from  the  45nH  inductance 
of  the  3-electrode  gap. 

The  circuit  inductance  external  to  the  rail  gap  was 
determined  to  be  approximatey  32nH.  Although  efforts  were 
made  in  the  circuit  design  and  construction  to  reduce  the 
external  inductance  to  a  minimum,  this  value  is  clearly  too 
high  for  optimum  benefits  of  the  rail  gap  design  in  a 
practical  application.  This  implies  that  coaxial  circuitry 
must  be  employed  to  derive  the  maximum  benefits  of  a  low 
inductance  rail  gap  switch. 

Results  from  the  experiment  showed  that  utilization  of 
pr e i on i za t i on ,  through  the  simple  and  inexpensive  method  of 
allowing  non-terminated  transmission  cables  to  spark  inside 
the  gap  prior  to  triggering,  can  dramatically  reduce  bad 
jitter  characteristics  with  the  added  bonus  of  a  slight 
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reduction  in  the  spark  gap  inductance. 

For  this  annular  rail  gap  design,  it  was  found  that 
either  a  sawtooth  or  dull  edge  trigger  electrode  provided 
lower  overall  jitter  and  inductance  compared  to  the  standard 
blade  edge  electrode.  Furthermore,  the  dull  electrode 
supplied  the  lowest  average  inductance  without 
preionization.  These  conclusions  and  the  varying  results  for 
each  polarity  configuration  clearly  demonstrate  the 
unpredictable  nature  of  spark  gap  switching. 

The  spark  gap  discharge  performance  was  generally 
optimum  when  a  +/+  polarity  combination  was  used,  and  this 
result  appeared  to  be  independent  of  the  quality  of  the 
trigger  voltage  pulse  employed.  This  indicates  that  other 
parameters  (such  as  space-charge  effects)  also  determine 
spark  gap  switching  behavior. 

Since  the  quality  of  the  trigger  pulse  is  known  to 
affect  spark  gap  switching  performance,  the  jitter  results 
may  possibly  be  improved  further  with  a  faster  and  higher 
amplitude  trigger  pulse.  It  would  be  interesting  to  measure 
the  rail  gap  jitter  if  another  rail  gap  was  employed  to 
replace  the  trigatron  spark  gap  that  was  used  for  the 
trigger  voltage  pulse  switching.  This  would  improve  the 
voltage  pulse  risetime,  as  well  as  the  adverse  effects  of 
the  asymmetrical  position  of  the  trigger  electrode  in  the 
trigatron  spark  gap  for  negative  hold-off  voltages. 

The  annular  rail  gap  switch  is  in  fact  currently 

facility  at  the  University  of 


employed  in  the  KrF  laser 
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Alberta  for  a  similar  application  as  that  described  above. 
It  has  replaced  a  master  (3-electrode  spark  gap)  switch  that 
triggers  all  of  the  13  spark  gaps  in  the  laser.  With  a  load 
of  up  to  18-75ohm  transmission  cables,  the  rail  gap  switch 
provides  a  reliable  voltage  pulse  at  a  minimum  rate-of-rise 
of  2.9kV/ns.  between  10  and  50kV. 

In  conclusion,  for  practical  applications  of  this  spark 
gap  design,  a  sawtooth  electrode  provides  the  best  switching 
performance.  A  +/+  polarity  combination  is  recommended  if  no 
preionization  is  applied,  although  there  will  be  some 
sacrifice  in  the  low  inductance  for  low  jitter.  If 
preionization  is  employed,  a  +/-  polarity  combination 
provides  optimum  jitter  as  well  as  inductance.  Furthermore, 
it  is  highly  advisable  that  the  rail  gap  be  well  shielded 
because  these  high  voltage  switches  radiate  a  considerable 
amount  of  electromagnetic  noise. 
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